Abstract N-glycans provide structural and functional stability to asparagine-linked (N-linked) glycoproteins, and add flexibility. Glycan biosynthesis is elaborative, multi-compartmental and involves many glycosyltransferases. Failure to assemble Nglycans leads to phenotypic changes developing infection, cancer, congenital disorders of glycosylation (CDGs) among others. Biosynthesis of N-glycans begins at the endoplasmic reticulum (ER) with the assembly of dolichol-linked tetra-decasaccharide (Glc 3 Man 9 GlcNAc 2 -PP-Dol) where dolichol phosphate mannose synthase (DPMS) plays a central role. DPMS is also essential for GPI anchor biosynthesis as well as for O-and Cmannosylation of proteins in yeast and in mammalian cells. DPMS has been purified from several sources and its gene has been cloned from 39 species (e.g., from protozoan parasite to human). It is an inverting GT-A folded enzyme and classified as GT2 by CAZy (carbohydrate active enZyme; http://www. cazy.org). The sequence alignment detects the presence of a metal binding DAD signature in DPMS from all 39 species but finds cAMP-dependent protein phosphorylation motif (PKA motif) in only 38 species. DPMS also has hydrophobic region(s). Hydropathy analysis of amino acid sequences from bovine, human, S. crevisiae and A. thaliana DPMS show PKA motif is present between the hydrophobic domains. The location of PKA motif as well as the hydrophobic domain(s) in the DPMS sequence vary from species to species. For example, the domain(s) could be located at the center or more towards the Cterminus. Irrespective of their catalytic similarity, the DNA sequence, the amino acid identity, and the lack of a stretch of hydrophobic amino acid residues at the C-terminus, DPMS is still classified as Type I and Type II enzyme. Because of an apparent bio-sensing ability, extracellular signaling and microenvironment regulate DPMS catalytic activity. In this review, we highlight some important features and the molecular diversities of DPMS.
Introduction
Over the years, efforts have been directed towards understanding the catalytic transfer of sugars from sugar nucleotides to glycoproteins, proteoglycans, and glycosyl phosphatidylinositol (GPI) anchors as well as to glycosphingolipids. The oligosaccharide side chains of proteoglycans assemble in Golgi through a direct transfer of sugar residues from sugar nucleotide donors. On the other hand, the synthesis of the glycan chain for N-linked glycoproteins originates in the endoplasmic reticulum (ER), extended and finally terminated in Golgi. Differences therefore exist in the synthesis of core glycan for N-linked glycoproteins, the GPI, and O-and C-mannosylation of proteins. One common aspect however is that they all use dol-P-man, a lipid-linked sugar derivative as mannose donor. The assembly of core oligosaccharide (Glc 3 Man 9 GlcNAc 2 ) for N-glycans takes place on dolichol a isoprenoid lipid prior to its en block transfer to the asparagine residue in a sequon (Asn-X-Ser/Thr) when the protein is in its nascent state [1, 2] . This co-translational event is important for protein folding and securing the fidelity of protein production [3] .
Dolichylphosphate β-D mannosyl transferase (systemic name: GDP-mannose: dolichylphosphate mannosyl transferase) is commonly known as dolichol phosphate mannose synthase (DPMS; EC 2.4.1.83). Its gene is located in human chromosome 20q13. 13 . The enzyme was first discovered in Saccharomyces cerevisiae in 1971 for catalyzing the transfer reaction GDPmannose + Dol-P À ÀÀÀÀ⇀ ↽ÀÀÀÀ À Mn 2þ =Mg 2þ Dol-P-Man + GDP [4] . Since then, DPMS activity has been documented in vertebrates, non-vertebrates, fruit fly, plants, fungi, slime molds, protozoan parasites as well as in archaea [5, 6] . Immunofluorescence microscopy supports co-localization of both Dol-P and DPMS in the ER (Fig. 1a-c) . Immunogold electron microscopy of thin sections of capillary endothelial cells also confirm the localization of Dol-P in the ER (Fig. 1d) . These studies have used amphomycin's affinity for Dol-P [7] as well as antibodies against amphomycin (mouse monoclonal) and DPMS (rabbit polyclonal) as tools [8, 9] . In addition to transferring mannose to dolichol (α-saturated C 80 -C 100 polyprenol), DPMS also transfers mannose to undecaprenol (α-unsaturated C 55 polyprenol), S-citronellol (a water-soluble α-saturated C 10 dolichol) as well as to retinol in vitro [10] [11] [12] . Natural dolichols, a family of long-chain polyisoprene alcohols are composed of one dihydroisoprene unit at the α-end of the polyisoprene chain and two isoprene units in the E-(trans-) configuration at the ω-end, with remainder of the isoprene units in the chain in the Z-(cis-) configuration, being species-specific mixtures of polyisoprenes of different chain-length [13] . Dolichols from mammalian cells/ tissues contain 8-21 isoprene units (C 90 -C 105 ), whereas yeast dolichols are composed of 14-17 isoprene units (C 70 -C 85 ), dolichol-15 (C 75 ) and dolichol-16 (C 80 ) being main components.
The structures of other dolichyl-like compounds are comparable to that of dolichol because they share similar kinetic Fixed capillary endothelial cells were incubated with amphomycin in a buffer containing Ca 2+ and stained with anti-amphomycin mouse monoclonal antibody [8] followed by FITC-conjugated rabbit anti-mouse IgG secondary antibody before collecting images in a fluorescence microscope. b Detection of DPMS: Fixed capillary endothelial cells were incubated with anti-DPMS rabbit polyclonal antibody [9] followed by Rhodamin-conjugated goat anti-rabbit IgG before collecting images in a fluorescence microscope. c Detection of Dol-P and DPMS: Fixed capillary endothelial cells were incubated with amphomycin in a buffer containing Ca 2+ followed by anti-amphomycin antibody (mouse monoclonal) and then with anti-DPMS antibody (rabbit polyclonal) as above. This followed staining with FITC-conjugated rabbit anti-mouse IgG and Rhodamin-conjugated goat anti-rabbit IgG antibodies prior to collecting images in a fluorescence microscope. d Detection of Dol-P by electron microcopy: Thin (60 nm-100 nm) sections of capillary endothelial cells on copper grids treated with amphomycin in a buffer containing Ca 2+ followed by anti-amphomycin antibody. The immune complexes then treated with 20 nm gold conjugated-rabbit anti-mouse IgG before collecting images in a Phillips −200 electron microscope at a magnification of 20, 000 interactions. Shortening the poly-cis fragment by five or eight C-isoprene units increase the K m values approximately 2-fold. Modification of the γ-isoprene unit is less favorable because it increases the K m 3 to 7-fold higher than that for Dol-P. Similarly, the water-soluble PyNH(CH2)2-CS-P (CCS-P) [14] the shortest fragment that occupies the active site is inefficient in binding to the enzyme (K i~2 00 times higher than the K m for the natural substrate, Dol-P). This suggests CCS-P fragment is a minimum requirement for binding to the enzyme.
DPMS in glycosylation
The N-linked glycoproteins are evolutionary conserved [15] , and the availability of Glc 3 Man 9 GlcNAc 2 -PP-Dol (LLO) is critical for the N-glycosylation reaction [1] . Dol-P-man elongates Man 5 GlcNAc 2 -PP-dolichol to Man 9 GlcNAc 2 -PPdolichol in the ER lumen [16, 17] and helps securing the mannose residues to arrange in a tri-antennary structure. Dol-P-man is also a mannose donor for GPI anchor biosynthesis [18] , for O-mannosylation of proteins in yeast [19] as well as for O-mannosylation of α-dystroglycan and Cmannosylation of proteins in mammalian cells [20, 21] . RFT1 in yeast, an ATP-independent bi-directional polytopic membrane protein with 10 transmembrane spans has claimed to be active in flipping Man 5 GlcNAc 2 -PP-dolichol from cytosol to the ER lumen [22] . Unfortunately, no flippase has yet been detected in other eukaryotes irrespective of the presence of the gene for a homologous protein in their genome. Similarly, it also remains an open question about the translocation of dol-P-man to the ER lumen to participate in the catalytic process. Uptake of a water-soluble cit-p-man (an analog of dol-P-man) in sealed microsomal vesicles indicates a membrane protein may mediate the transport [11] . The specificity of such translocation prefers saturated α-isoprene to unsaturated trans-or cis α-isoprene units of Dol-P [23] .
DPMS, an M r 31kDa protein has been purified from rat liver, porcine aorta, Acanthamoeba castellanii, murine mitochondria, Archae (formerly Archaebacteria) as well as from bovine liver (Martinez, J.A. and Banerjee, D.K. unpublished observation). The recombinant protein has also been purified from E. coli transformed with S. cerevisiae DPMS gene as well as the gene from bovine capillary endothelial cells [24, 25] . The enzyme from higher eukaryotes is most active in the presence of Mn . The K m for GDPmannose for DPMS ranges from 10 −7 M to 10 −6 M.
Purified DPMS from rat liver is inactive in non-ionic detergents. On the other hand, the detergent-free enzyme is active in the presence of phosphatidylethanolamine (PtdEtn) as well as in the presence of phospholipid mixtures of PtdEtn and phosphatidylcholine (PtdCho) when the molar ratio of PtdEtn to PtdCho is 70% or less. The enzyme however, is inactive in the presence of PtdCho alone. Unsaturated species of PtdEtn destabilize the membrane bilayers, but dolichol exhibits the destabilizing effect of PtdEtn on membranes composed of PtdCho and PtdEtn. Thus, DPMS is optimally active in a phospholipid matrix that prefers non-bilayer structural organization [26] .
Genetic and metabolic alterations inhibit DPMS activity in vivo. DPMS activity is (i) absent in skin fibroblasts from patient with Type Ie variant of congenital disorder of glycosylation (CDG) [27] ; (ii) lost in tunicamycin (N-acetylglucosaminyl 1-phosphate transferase inhibitor)-treated capillary endothelial cells [28] ; (iii) down regulated in shRNA knockdown capillary endothelial cells [29] or after mutating the PKA site [30] . Amphomycin (a naturally occurring M r 1, 290 Da undecapeptide with a fatty acid substitution at the N-terminus) inhibits DPMS activity in vitro [5, 31] . Kinetic studies with calf brain DPMS indicate no significant change in the apparent K m for GDPmannose but the V max is reduced by >90%. 2+ and blocks the availability of Dol-P as an acceptor for mannose. Space-filling model also suggests that Ca 2+ acts as a bridge between the phosphate head group of Dol-P and the Nterminal aspartic acid residue of amphomycin [32] . The interaction however is lost upon removal of the fatty-acylated aspartic acid residue by mild-acid hydrolysis [17] . Titration of DPMS activity as a function of Dol-P in the presence of amphomycin indicates a co-operative interaction. The substrate-velocity plot is sigmoidal, and the Hill coefficient (n) establishes a positive cooperative interaction between Dol-P and amphomycin [5] .
Structure of DPMS
DPMS gene has been cloned and sequenced from 39 different species. Their amino acid sequences indicate a considerable diversity. Natural selection to adapt the changing environment is during evolution is believed to be a contributing factor [33] [34] [35] . Phylogenetic comparison and homology of DNA sequences have identified bDPMS being closer to hDPMS (Fig. 2) . The accession numbers and the databases used to collect the amino acid/DNA sequences are listed in Table 1 .
Amino acid sequences divide DPMS into two classes of enzymes (Table 2) . Type I enzymes (Saccharomyce cerevisiae, Ustilago maydis, Trypanosoma brucei, Leishmania mexicana, etc.; [36] ) share 60-70% amino acid identities and a stretch of hydrophobic amino acid residues near the C-terminus. Type II enzymes (bovine, human, Saccharomyce pombe, Caenorhabditis briggsiae, Trichoderma reesei, etc.) however, exhibit only 30-40% amino acid identity with Type I enzymes and lack the hydrophobic domain [36] . cDNA encoding Schistosoma mansoni DPMS also displays a high homology with Cricetulus griseus (Chinese hamster) and Schizosaccharomyces pombe [37] .
DPMS from S. cerevisiae has three cysteine residues, Cys93, Cys172 and Cys259 [38] . Treating with thiolspecific reagents causes inhibition of the synthase activity suggesting sulfhydryl groups play a role in the catalytic mechanism of the enzyme. However, replacing the cysteine residues with serine by site-directed mutagenesis exhibits no change in the specific activities of the mutants indicating none of the cysteine residues is in fact essential for the catalytic activity. It is suggested that weakly nucleophilic hydroxyl side chain of serine residue might have substituted for cysteine in a molecular reaction mechanism, but the side chain of serine and the sulfhydryl group of cysteine have the potential for hydrogen bonding. Replacing Cys93 with glycine however, does not change the outcome. Thus, a direct role of the sulfhydryl residue of cysteine in the catalytic mechanism is highly unlikely. Thiol-blocking reagents may indicate that Cys93 could be located near the catalytic site. GDP-mannose, dolichyl phosphate and substrate analogs have been found to protect against Nbs2 inactivation suggesting Cys93 is physically near, or within, the substrate-binding site of the enzyme [38] . In fact, Cys93 is very close to Ser141 whose phosphorylation enhances the DPMS catalytic activity. DPMS sequence from chimpanzee, Western clawed frog, African clawed frog, Rainbow smelt and Candida parapsilosis each contain two cysteine residues but other members of the species have either one or none. Alanine154 in S. cerevisiae may also be located in or near the catalytic site because its replacement with threonine (i.e., A154T) causes a total loss of catalytic activity. Furthermore, S141A/A154T double mutant also exhibits a total loss of enzyme activity when subjected to phosphorylation by PKA [39] .
A hydrophobic region of 13-amino acids of DPMS (aa245-258) from Saccharomyces cerevisiae has been proposed to be a dolichol recognition site [40] . But, modifying the highly conserved amino acid residues of the domain by site-directed mutagenesis or deleting the sequence altogether (i) does not change the catalytic activity of the enzyme; and (ii) all modified enzymes have retained the same affinity for Dol-P as in the wild type when assayed in a phospholipid matrix. Thus, neither the composition nor the sequence of the conserved domain is critical for recognition and binding of Dol-P in a lipid matrix.
The 3-D structure of membrane protein and its topology play an indispensable role for its feature and function. Unfortunately, all attempts to crystallize the recombinant DPMS from yeast have failed because of the hydrophobic nature of the protein [41] . Computing the hydropathy index (hydrophobicity) under ExpASy Bioinformatics Resource Portal (http://web.expasy.org/protscale/) (42) using the algorithm of Kyte and Doolittle [43] allows examination of the Table 1 . After alignment the dendogram was generated using the CLUSTAL W program [43] on the GenomeNet server (http:// www.genome.jp/tools/clustalw/). GenomeNet is a Japanese network of database and computational services for genome research operated by the Kyoto University is Bioinformatics Center hydrophobic interior of the membrane-spanning region of DPMS (Fig. 3) . The positive indices around the amino acid residues aa104-124 and aa166-167 separated by a hydrophilic region of aa125-165 support bDPMS with one membranespanning region. The hydropathy plot of bDPMS (Figs. 3a) is similar, if not identical to that of the DPMS from human, S. cerevisiae and A. thaliana (Figs. 3b-d) . The PKA motif (solid lines in Fig. 3) is present between the two hydrophobic domains (i.e., one preceding and the other succeeding the motif) (Fig. 3a-d) .
Hydropathy plot of DPMS from human, bovine and plant (Figs. 3a, b & d) shows three major hydrophobic (positive on the y-axis) regions at aa1-30, aa60-110, aa125-170 and aa180-200, respectively and represents pockets (or clefts) under the shield of hydrophilic domains (negative on the x-axis) of the polypeptide. Given the polarity index window of 19, Mutation or deletion of a fragment to adapt environmental change could trigger a frame shift. This may lead to a different membrane spanning region and different location of the PKA motif in DPMS. The PKA motifs at aa141 for S. cerevisiae; aa165 for bovine; aa158 for human and aa151 for Arabidopsis thaliana (Fig. 3d) are perfect examples. Furthermore, constructing in-frame insertion, deletion, and nonsense mutation were shown that the distance of a functional domain to N or C-terminus is important to affect function [44] .
Unique features of DPMS also allow the use of Fluorescence Resonance Energy Transfer (FRET) technique to elucidate its structure. For example, triangulation of distances between Trp133, modified Cys93, and the fluorescent probes of the dolichyl-derived compounds delineate the selected structural properties of the enzyme's active site and its dolichol-binding pocket.
DPMS is an inverting GT-A fold enzyme [45, 46] and classified as GT2 in Carbohydrate Active enZyme database (CAZy; Type I enzymes share 60-70% amino acid identity and the presence of a stretch of hydrophobic amino acids at the C-terminus [36] ; Type II enzymes exhibit only 30-40% amino acid identity with Type I enzymes and lack the Cterminus hydrophobic domain [36] http://www.cazy.org). Like other GT-A fold enzymes, DPMS from all sources also carry a DXD sequence signature for metal binding (Fig. 4d) . In recent years, the 3-D structures of a couple of glycosyltransferases with GT-A fold have been elucidated. These are DNA-modifying β-glucosyltransferase from bacteriophage T4 [47] , SpsA from B. subtilis [48] , polyprenyl-phosphate glycosyltransferase GtrB from Synechocystis sp. PCC6803 [49] , oligosaccharyl transferase (STT3) from a thermophilic archaeon, Pyrococcus furiosus [50] , and yeast MNN1 α-1,3-mannosyltransferase [51] . DPMS structure when studied with sensitive fold recognition analyses using the META server (http://bioinfo.pl/Meta) [52] indicates that they are similar to one another at the primary, secondary, and tertiary structure levels. Also, all DPMS are similar in fold to the structure of the spore coat polysaccharide biosynthesis protein A (SpsA) glycosyltransferase (GT) from Bacillus subtilis for which a 3D X-ray structure has been elucidated (protein data bank [pdb code: 1h7l]) [48] . A 3-D model of DPMS analogous to that of SpsA agrees nearly perfectly with the available experimental data allowing identification of the active site cleft, its properties, and a putative functional mechanism [53] . Most striking of DPMS is that DPMS from every known source except C. parapsilosis has a PKA motif [54, 55] equivalent to that found in S. cerevisiae (RRVIS
S). DPMS from
Saccharomyces cerevisiae and Ustilago maydis also has a serine residue immediately following the phosphorylation consensus site, i.e., RRVISS 142 /RRIISS 171 [54, 56] , the significance of which is currently unknown. However, when Ser141 in yeast DPMS is mutated, Ser142 partially fulfils the need for Ser141 [30] . The sequence alignment of DPMS from all 39 species except Candida parapsilosis highlights this conserved motif and is presented in Fig. 4d . The rest of the figure is included in a supplemental file sf4.
The defect in dol-P-man synthesis also results in defective GPI and consequently the surface expression of defective Thy-1, a GPI-anchored protein [57] . Irrespective of a defect in dol-Pman synthesis, Thy-1-negative lymphoma of complementation class E [58] and CHO-derived Lec15 mutant [59] cells are identified with different complementation groups [60] , and suggest the participation of more than one protein. Yeast DPMS DNA complements both mouse Thy-1 negative lymphoma mutant cells of complementation class E and the Lec 15 mutant of CHO cells [61, 62] but not human or the mouse homolog of DPMS, i.e., hDPMS or mDPMS. This observation suggests that mammalian DPMS might be a multi-component enzyme [63, 64] . A similar claim has also been made for the DPMS from Candida albicans and Arabidopsis thaliana [65, 66] . DPM2, an 84 amino acid membrane protein whose gene located on [43] (http://www.genome.jp/tools/ claustalw/). The PKA-motif is highlighted in blue and is present in all DPMS sequences except in C. parapsilosis. In addition, the sequences from S. cerevisiae, G. glabrata and U. maydis each has a second serine residue following the primary phosphorylation site and is absent from the rest. The significance of this discrepancy may be evolution derived. The experimental results suggest that serine-142 in S. cerevisiae could partially fulfil the need of serine-141 if mutated [30] . The metal (Mn 2+ or Mg
2+
) binding DAD motif is present in DPMS sequence from all 39 species and highlighted in magenta. The complete alignment of all DPMS sequences is in the Supplement Figure sf4 chromosome 9q33 has been proposed to form a complex with DPM1 [67] . Two putative transmembrane domains and a double lysine sequence near the C-terminus act as ER localization signal for DPM2. DPM1-DPM2 interaction however, is lost upon substitution of two amino acids in the first DPM2 transmembrane domain.
Affinity isolation of DPMS complex from human cells identifies an M r 8kDa protein with 92 amino acid residues called DPM3 whose gene is on chromosome 1q12-21. DPM1, DPM2 and DPM3 when incorporated into liposomes, show a full DPMS activity with a K m of GDP-mannose comparable to that of the DPMS purified from rat liver. DPMS as a heteromeric enzyme also reported for Schizosaccharomyces pombe [36] , Arabidopsis thaliana [65] , Trichoderma ressei [68] , and for a pathogenic yeast Candida albicans [69] . Schematic representation of a structural model proposed for human DPMS suggests DPM2 associates with the N-terminal hydrophobic portion of DPM3, and DPM3, via, its C-terminal hydrophilic portion association with DPM1 [63] . This idea needs to be tested following co-crystallization of DPM1 with DPM2 and DPM3. This is important, because the model ignores the presence of the transmembrane domain in DPMS as well as dephosphorylation rendering DPMS catalytically inactive (Fig. 3) .
Regulation of DPMS catalytic activity
DPMS plays a critical role during extracellular signaling and/or cellular microenvironment regulating internal events leading to increased protein N-glycosylation [70, 71] . For example, capillary endothelial cells when cultured in the absence of 5% CO 2 exhibit (i) a distinctive morphology; (ii) enhanced protein Nglycosylation; and (iii) increased catalytic activity of DPMS by lowering the K m for GDP-mannose by~35% without compromising the V max [71] . This may perhaps explain the BWarburg effect^in tumor angiogenesis [72] . On the other hand, isoproterenol (a β-agonist) enhances protein N-glycosylation in rat parotid acinar cells by increasing the DPMS activity. There is no significant alteration in the apparent K m for GDP-mannose, but the V max is enhanced~2-fold [70] . This is comparable to the DPMS activation in microsomal membrane phosphorylated in vitro with PKA, and reproduces in phosphorylated bovine brain as well as hen oviduct microsomal membranes. Increased DPMS activity in rat parotid acinar cells correlates with increased mannosylated oligosaccharide-PP-Dol synthesis, and its turnover as well as protein glycosylation [73] .
Phosphorylation activation of ER glycosyltransferases is relatively unknown but somatic cell genetics and molecular cell genetics support the concept for DPMS:
(a) Somatic cell genetics: The model is wild type Chinese hamster ovary (CHO) cells and its PKA deficient mutants. CHO cells do not express β-adrenergic receptor but exogenous addition of 8Br-cAMP enhances protein glycosylation in wild type cells 120%. However, it is only 7%-23% in PKA deficient mutants. The mutants also undergo morphological changes in the presence of 8Br-cAMP. These mutants express quantitatively low level of LLO, and the t ½ for LLO turnover is twice as high as in the wild type [74] . Both wild type and the mutants express Glc 3 Man 9 GlcNAc 2 -PPDol as the most predominating species, and there is no accumulation of Man 5 GlcNAc 2 -PP-Dol in mutants [74] . The K m for GDP-mannose for DPMS is 160%-400% higher in mutants than with the wild type cell. The k cat is also reduced 2-4 fold in mutants. Exogenous addition of Dol-P does not rescue the k cat for DPMS in mutants but in vitro phosphorylation restores the catalytic activity to the level of the wild type [74] . Similarly, in MRI, a revertant (i.e., a pseudo wild type), in which the deficiency of the regulatory subunit (RI subunit) for PKA type I is corrected, restores the level of LLO biosynthesis, turnover and protein glycosylation [75] . (b) Molecular cell genetics: Recombinant DPMS from bovine adrenal medullary capillary endothelial cells and Saccharomyces cerevisiae express active enzymes in E. coli [38, 39, 54] . Kinetics of recombinant DPMS from Saccharomyces cerevisiae indicate no change in the K m for GDP-mannose but~6-fold increase in the V max after in vitro phosphorylation along with higher enzyme turnover (k cat ) and catalytic efficiency (k cat /K m ). Autoradiography of 32 Plabeled DPMS detects an M r 31-kDa phosphoprotein on SDS-PAGE. Immunoblotting with anti-phosphoserine antibody also establishes the presence of a phosphorylated serine residue in DPMS. To further evaluate the phosphorylation regulation of DPMS catalytic activity, a S141A DPMS mutant is isolated by replacing serine-141 of the consensus sequence (RRVIS 141 S) with alanine by site-directed mutagenesis. When phosphorylated, the DPMS mutant exhibits 50% less catalytic activity [30] . Nevertheless, replacing serine-142 with alanine has no bearing on the enzyme activity before or after phosphorylation. However, the DPMS activity is undetectable even after phosphorylation in a mutant in which both serine-141 and serine-142 are replaced with alanine (i.e., S141A/S142A) [39] .
Impact of DPMS in biological functions and in human health

Biological functions
Viability of yeast DPMS is a structural gene in Saccharomyces cerevisiae and is essential for its viability. Disruption of DPM1 is lethal and does not allow the organism to grow at non-permissive temperature [62] . It is not only the disruption of DPMS gene but disruption of the phosphorylation site also has serious consequences on cellular proliferation. Mutation at serine-141 (S141A) or both at serine-141 and serine-142 (S141A/S142A) or in combination of serine-141 and alanine-154 (S141A/ A154T) make yeast cells grow slower both at 22°C and at 37°C [39] .
Development of Arabidopsis plant
Comparative genomic analysis has identified dol-P-man synthesis in Arabidopsis plant (A. thaliana) mediated by DPM1, DPM2 and DPM3 assembled into a functional DPMS unit. Arabidopsis accumulates dolichols from Dol-14 to Dol-23 [76] , and detects dol-(14)P-man in an in vitro assay with Dol-14. Loss of function and overexpression studies show DPM1, in contrast to DPM2 and DPM3 exerts a broad influence on various aspects of Arabidopsis development. Root growth, seed architecture, vascular bundle, organization, activation of unfolded protein response (UPR), induction of chlorosis, and sensitivity to ammonium ion [77] is consistent with the role played by GPIanchored proteins in yeast cell wall formation [78] . Arabidopsis, like other members of the Brassicaceae is sensitive to ammonium ion [77] , and dol-P-man is linked to such sensitivity. The loss-of-function mutants of DPM2 and DPM3 retain a wild-type phenotype, but the loss-of-function mutant of DPM1 and DPM1-RNAi exacerbates the hypersensitivity of Arabidopsis to ammonium ion. The leaves become strongly chlorotic and the root growth is drastically reduced [77] .
Human health
Aging Reduced N-linked protein glycosylation correlates with nearly 2-fold reduction of DPMS activity in parotid acinar cells from 22 to 24 months old rats. There is no change in the K m for GDP-mannose between young and old rats but the V max is reduced by nearly 2-fold in older animals. Failure to restore the enzymatic activity after supplementation with Dol-P supports reduction of DPMS level during aging [79] .
Thy-1 lymphoma Absence of DPMS activity in class E thy-1 lymphoma cells correlates with the accumulation of Man 5 GlcNAc 2 -PP-Dol in the ER. Terminal glucosylation of Man 5 GlcNAc 2 -PP-Dol transfers it to the asparagine residue but the rate is much slower than that of the full length LLO [16] . There is nothing known about processing of a truncated N-glycan in the ER nor could the clinical information in the medical record of the patient confirm if DPMS deficiency is a cause or manifestation of the disease. Similarly, complete absence of DPMS causes a systemic deficiency of GPI anchor biosynthesis as well as O-and C-mannosylation of proteins. In fact, blocking of GPI biosynthesis in DPM2 knockout mice is embryonically lethal [80] .
Congenital disorder of glycosylation CDG Type Ie patients with the absence of DPMS activity exhibit developmental delay, seizures, hypotonia and dysmorphic function [27, [80] [81] [82] . Fibroblasts from these patients also have a shorter life span. Detailed analyses reveal dol-P-man deficiency in humans gradually affects two sub-pathways of protein glycosylation. Mild deficiency due to mutation in DPM3 affects mainly Omannosylation pathways and leads to α-dystroglycanopathies. On the other hand, severe dol-P-man deficiency perturbs Nglycosylation and GPI pathways and provokes abnormal clotting and epilepsy [82, 83] . A single missense mutation in mammalian DPM3 also reduces drastically the catalytic activity of DPM1 and leads to muscular dystrophy [79] .
Angiogenesis Angiogenesis is an essential physiological process for growth and development, and a 'key' element for tumor progression [84] . Increased bDPMS activity in 8Br-cAMP-treated capillary endothelial cells correlates with the synthesis and turnover of LLO. As a result, N-glycosylation of the endothelial cell marker glycoprotein Factor VIIIC as well as the cell surface N-glycans are also enhanced following 8Br-cAMP treatment. The consequence is activation of Bangiogenic switch^and increased cellular proliferation. It is important to note that bDPMS has a PKA motif (RKIIS 165 R) [25] (Fig. 4d) . The underline mechanism includes: (i) no changes in the expression of Bcl-2 (a pro-angiogenic protein) as well as caspase-3, and −9 (pro-apoptotic proteins) activities in 8Br-cAMP treated cells; and (ii) 4.5-4.8 fold and 1.5-1.6 fold reduced expression of ER chaperones GRP-78/Bip and GRP-94 whereas 1.4-1.6 fold increased expression of cytoplasmic chaperones HSP-70 and HSP-90 in 8Br-cAMP treated cells. HSP-70 binds to an unfolded region of the protein that is rich in hydrophobic residues and blocks protein folding until it has been translocated across the membrane [85] . HSP-90, on the other hand is involved in protein folding that is associated with signal transduction [86] . In the proposed model HSP-70 activates the hypoxia-inducing factor 1 (HIF1) and controls expression of eight out of ten enzymes of the glycolytic pathway, whereas HSP-90 binds to activated p53 (i.e., p53p) and translocates the transcription factor to the nucleus to activate gene expression and angiogenesis [87, 88] .
The relationship between DPMS and angiogenesis strengthens further in capillary endothelial cells overexpressing DPMS. These cells express nearly four times more DPMS protein and~108% higher DPMS activity. As a result there is increased expression of surface N-glycans with GlcNAc-β1-4GlcNAcβ1-4GlcNAc-NeuAc epitope and increased cellular proliferation [89] . Overexpression of DPMS also accelerates wound healing [89] . DPMS activity however, is lost when tunicamycin-treated capillary endothelial cells undergo cell cycle arrest and induction of apoptosis [28] . Silencing of DPMS with shRNA also reduces the angiogenic potential [29] .
Future direction
Current understanding on the role of glycobiology in growth and development, infection diseases, cancer and CDGs has recognized the central role for DPMS. Partitioning dol-Pman in more than one pathway has raised additional questions about the dynamics of its distribution. Therefore, it is worth addressing the extent of extra-or intra-cellular signaling responsible for such dynamics. In addition, it is important to quantify how much dol-P-man is withdrawn per unit time from each pool (in case there are multiple-pools) to understand this complex behavior. Successful answering of these questions is expected to help developing next generation therapeutics, i.e., glycotherapy for diseases such as breast cancer.
Our knowledge on DPMS and GDP-mannose (i.e., the substrate) interaction or between DPMS and Dol-P (i.e., the acceptor) interaction is based on theoretical considerations. Therefore, evaluation of DPMS protein structure is of utmost importance. The presence of DAD motif supports metal binding (Mn  2+ or Mg   2+ ), but elucidation of the protein structure is expected to highlight why the requirement for metal ion changes (i.e., Mn 2+ v/s Mg
2+
) with the source of the enzyme such as mammalian v/s yeast. Similarly, X-ray crystallographic analyses of S141A, S142A, and S141A/S142A DPMS mutants from S. cerevisiae are equally important to explain how serine-142 partially fulfills the need of serine-141.
The role of two accessory proteins, DPM2 and DPM3 for stabilizing the catalytic component DPM1 in mammalian species and in C. albicans and Arabidopsis needs clarification. A stretch of 27 hydrophobic amino acids is missing at the Cterminus from DPMS in these species. Also, E. coil cannot express recombinant protein when transformed with DPMS gene from these species. Fortunately, recombinant bDPMS is fully active when (a) the E. coli transformed with the bDPMS gene [25] ; and (b) the native enzyme is purified from bovine liver by isoelectric focusing (Martinez and Banerjee, unpublished observation).
Hydrophobic residues are important in controlling protein activity by regulating phosphorylation as indicated by dephosphorylation of tyrosine residue in ERK [90, 91] . It is therefore reasonable to assume that the presence of highly conserved hydrophobic regions in DPMS may play an intricate role for its function [92, 93] . Also, reports indicate that hydrophobic regions of the N-and C-terminus impact protein function [94, 95] . bDPMS has hydrophobic regions close to its N-and Cterminus. It would be highly significant to study their roles in ER membrane insertion.
Kinetic behavior of phosphorylated DPMS or after its overexpression in capillary endothelial cells supports enhanced protein N-glycosylation. It is due to increased rate of LLO synthesis and turnover [74, 85] . This in fact, has raised a fundamental question about the processing of N-glycans. The number of N-glycosylation site(s) are fixed in an Nlinked glycoprotein. Could increased LLO synthesis and turnover dictate enhanced glycoprotein gene transcription and translation, or hold the protein unfolded for a period until all putative N-glycosylation sites are populated? DPMS, dolichol phosphate mannose synthase; cAMP, 3′,5′-cyclic adenosine monophosphate; CDG, congenital disorders of glycosylation; ER, endoplasmic reticulum; GPI, glycophosphatidyl inositol anchor; GPT, N-acetylglucosaminyl 1-phosphate transferase; LLO, lipid-linked oligosaccharide; PKA, cAMP-dependent protein kinase; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine.
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